To determine the efficacy and safety of Trabectome surgery on patients with steroid response, ranging from ocular hypertension refractory to maximal medical therapy to the development of steroid-induced glaucoma.
Introduction
Steroid response is characterized by a secondary ocular hypertension associated with corticosteroid administration, which may result in development of secondary open-angle glaucoma. Thought to be related to decreased aqueous outflow facility at the trabecular meshwork (TM), [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] steroid-induced open-angle glaucoma (SIOAG) occurs more often in those who are genetically susceptible [5] [6] [7] [17] [18] [19] [20] or have clinical risk factors. [5, 6, 16] Reported routes of corticosteroid administration that may induce steroid response include topical eyedrops, [21, 22] topical cutaneous ointments, periocular injection, intraocular injection, [23] [24] [25] [26] [27] inhalational spray, [5, 28, 29] intranasal spray, [30] and oral/systemic. [5, 23, 29, [31] [32] [33] [34] [35] Standard treatment options include: trabeculectomy, aqueous shunt implantation, and cyclodestructive procedures. [5] [6] 16] Trabeculotomy ab interno (Trabectome) is a conjunctivasparing glaucoma surgery that enters the anterior chamber via a clear corneal incision and ablates the TM circumferentially to facilitate direct aqueous outflow through Schlemm canal and into the collector channels. [36] [37] [38] [39] [40] [41] This procedure has been previously shown to reduce preoperative intraocular pressure (IOP) by 40% in open-angle glaucoma patients. [36] To our knowledge, the authors are the first to evaluate the outcome of primary Trabectome in patients with steroid-response ocular hypertension (SROH) or SIOAG.
Materials and methods

Patients and consent
Institutional Review Board (IRB) and Ethics Committee approval was obtained from the University of California, Irvine, and from Gifu Red Cross Hospital before data analysis. All patients reviewed and signed a detailed informed consent form before participating in the study. Retrospective review of charts from 2008 to 2015 comprised of patient data from 2 sites: 14 eyes of 14 patients from a single-site academic practice at the University of California, Irvine, USA, and 6 eyes of 6 patients from a single-site community practice at Gifu Cross Hospital, Gifu, Japan, for a total of 20 eyes of 20 patients. Surgeries at Irvine were performed by 1 surgeon (SM), and at Gifu were performed by 1 surgeon (MM). Perioperatively, 2% pilocarpine was administered, along with topical antibiotic and topical anesthetic, with surgery being performed under monitored anesthesia care. Postoperatively, patients were prescribed 2% pilocarpine for 6 to 8 weeks as tolerated and loteprednol etabonate 0.5% ophthalmic suspension 4 times a day tapered over 6 to 8 weeks.
All patients had primary surgery Trabectome [36, 40, 42] (Neomedix Inc, Tustin, CA) alone and all patients had surgery unilaterally. Briefly, via direct gonioscopic view with the patient's head tilted 15 degrees away from the surgeon, the disposable Trabectome handpiece entered a 1.7-mm clear corneal incision and utilized microbipolar electrocautery to ablate a 90 to 120-degree arc of TM under continuous irrigation (to avoid heatrelated damage of adjacent tissue) and aspiration (to remove tissue debris) from the same handpiece. A power setting of 0.7 to 0.8 W was used with a peristaltic aspiration rate of up to 10 mL/ min. The anterior chamber was maintained intraoperatively with dispersive 2% hydroxypropyl methylcellulose viscoelastic (OcuCoat, Bausch & Lomb, Rochester, NY), continuous irrigation, and placement of 10-0 vicryl suture in all cases at the main wound. Before tying of clear corneal suture, a disposable Simcoe irrigation/aspiration handpiece was used for coaxial removal of any remaining tissue debris or viscoelastic to minimize aqueous outflow resistance.
Inclusion criteria
Inclusion criteria included subjects with open angles in the nasal quadrant on gonioscopy (Shaffer III-IV), subjects with documented SROH related to corticosteroid administration or SIOAG with documented visual field progression on static automated perimetry, subjects with clear corneas allowing adequate gonioscopic assessment, and subjects with follow-up for at least 12 months after surgery. All patients included underwent Trabectome surgery alone without any other simultaneous procedures.
This study excluded subjects who underwent Trabectome combined with any other procedure, including phacoemulsification, subjects whose visual acuity was less than hand motions, subjects with media opacities that prevented a baseline gonioscopic view, subjects with angle closure or with significant peripheral anterior synechiae, subjects with a history of uveitis, aphakia, or evidence of neovascularization within the anterior segment, and subjects who had an inability to follow-up.
Outcomes
Outcomes included percent IOP reduction, number of patients who attained IOP of 21 mm Hg or less, and reduction in number of medications needed to control IOP. Postoperative complications, including hyphema greater than expected, were also recorded. Failure was defined as having uncontrolled IOP requiring additional glaucoma surgery, or less than 20% reduction in IOP from preoperative levels, or IOP greater than 21 mm Hg on 2 consecutive visits postoperatively. Kaplan-Meier survival analysis was performed to monitor success and failure rates.
Results
Patient preoperative information was recorded as shown in Tables 1 and 2 . Mean age was 60.7 years with a standard deviation (SD) of 18.9 and range of 31 to 89 years. Sex was distributed with 12 male and 8 female patients. Race, preoperative Snellen visual acuity, visual field status, cup-to-disc ratio, lens status, Shaffer grade on gonioscopy, and route and duration of corticosteroid administration were recorded. Visual field status was recorded according to Hoddap-Parrish-Anderson criteria, primarily using mean deviation (MD) to classify patients as normal/full, mild (MD no worse than À6.00 dB), moderate (MD ranging from À6.01 to À12.00 dB), and advanced (MD ranging from À12.01 to À20.00 dB). The duration of steroid use before surgery was variable for each patient, and ranged from a minimum of 1 month to a maximum of 8 months.
The average preoperative IOP was 33.8 ± 6.9 mm Hg. At 12 months, the IOP was reduced to 15.00 ± 3.46 mm Hg (P = 0.03), with a mean 55.6% reduction in IOP. Figure 1 graphically depicts the trend in IOP. Average preoperative glaucoma medication usage was 3.85 ± 0.75 medications, and at 12 months, the mean number of glaucoma medication was reduced to 2.3 ± 1.4 (P < 0.01), as shown in Fig. 2 . At 12 months, 10 patients were continued on their preoperative steroid treatments, 5 were on tapered steroid treatments, and 5 had ceased steroid treatments entirely. visual acuity at postoperative month 3 remained unchanged for 17 patients, improved for 2 patients, and decreased for 1 patient. In total, 1 patient needed secondary surgery to maintain IOP control. This patient had persistent hyphema with IOP over 35, despite maximal tolerated medical therapy 2 weeks after surgery (mechanism partially due to heme reflux after surgery, and partially due to patient-induced accidental eye trauma that occurred outside of surgery, during the postoperative period) and subsequently underwent implantation of glaucoma drainage device with scleral patch graft. The Kaplan-Meier survival curve for the length of time of the sample size was examined (Fig. 3) .
The safety of this procedure, based on postoperative outcomes such as number of patients requiring secondary glaucoma surgery and number of complications are tabulated in Table 3 . There were no intraoperative complications in any of the surgeries. Postoperatively, transient IOP spikes occurred in 4 of 20 patients (20%), as shown in Table 2 .
Discussion
Prior studies have evaluated the outcomes of Trabectome in open-angle glaucoma patients such as primary open-angle glaucoma [36, [43] [44] [45] [46] and secondary-open angle glaucoma such as pseudoexfoliation. [45] [46] [47] [48] However, the utility of the Trabectome in patients with open-angle glaucoma secondary to corticosteroid has not been studied. Thought to occur more commonly in those who are genetically predisposed, [5] [6] [7] [17] [18] [19] [20] elevation in IOP as a response to steroid administration has a complex mechanism that is not fully elucidated. It is thought that once corticosteroid molecules bind to intracellular receptor complexes, alterations in gene expression [7, 9, 16, 20, 49] have downstream effects on apoptosis and ultrastructural sites at the TM that ultimately lead to reduced aqueous outflow from increased aqueous resistance, trabeculocyte dysfunction, [50] myocilin protein expression that alters cytoskeleton architecture, [1] [2] [3] [4] [5] [6] extracellular matrix (ECM) accumulation at juxtacanalicular tissue that narrows trabecular spaces, [2, 10, 51] changes in cytokine mileu, [13] changes in enzymatic regulation of TM structure, [52] and impaired phagocytic activity. [10, 15] Given that ECM has been demonstrated to have complex interaction on electron microscopy with glycosaminoglycans, hyaluronic acid, collagen, elastin, and glycoproteins in juxtacanalicular tissue of healthy human eyes, [14] the ultrastructural network that results in thickened trabecular beams from glucocorticoid exposure is extremely intricate [10, 11] and has been confirmed to be different than that of primary open-angle glaucoma on histology. [11] Steroid-induced changes may also occur at the level of the inner wall of Schlemm canal, specifically at the subendothelial region where fine fibrillar material is deposited. [16] In addition, physical obstruction at the angle by corticosteroid crystal residues has been hypothesized as a contributing mechanism. [24] With the Trabectome, ablation of the TM conceptually reduces resistance to aqueous outflow by opening a direct pathway for aqueous to flow from the anterior chamber into Schlemm canal and collector channels. Histopathology in autopsy eyes have revealed targeted removal of TM and inner wall of Schlemm canal with preservation of the outer wall of Schlemm canal. [40] By direct elimination of the site of pathology in this particular glaucoma subtype, the authors were interested to see if the Trabectome procedure would effectively normalize IOP while minimizing risk for complications in patients with steroid response.
It has been reported that the amount of IOP elevation response to steroid is directly related to the potency of anti-inflammatory effect, concentration, frequency, and duration, of the steroid administered. With increasing numbers of corneal transplantation and intravitreal injections being performed worldwide, this complication is increasing in frequency, and therefore the development of treatments safer than standard tube shunts or trabeculectomy are essential. Penetrating keratoplasty (PKP) is 1 such procedure in which prolonged steroids are implemented as part of routine postsurgical care. Postkeratoplasty glaucoma (PKG) is a well-known phenomenon that can occur in up to one-third of patients, [53] and is the second leading cause for graft failure. [54] In 1 study that implemented PK in treating patients with Fuch and Keratoconus, postoperative steroid-induced IOP elevation was noted to be 60% and 73%, respectively. [55] In Descemet stripping endothelial keratoplasty (DSEK), postoperative IOP elevation was noted in 28% of patients, with steroid-induced IOP elevation as the leading cause, with an incidence as high as 18%. [56] IOP elevation has been noted in steroid injections and implants, with 32% to 51% developing ocular hypertension after 4 mg intravitreal triamcinolone injection, [27, 56] and 79% with 2.1 mg fluocinolone implant. In 1s study, up to 45% of fluocinolone implants required surgical intervention to control IOP. [56] Our study, in which 20% of participants examined had steroid response after undergoing corneal transplantation, may suggest that Trabectome is of particular relevance in treating patients with corneal transplantation and steroid response that is refractory to medical management.
Other surgical approaches to treating steroid-induced glaucoma have been studied to a limited degree. Selective laser trabeculoplasty (SLT) was able to achieve lowering of IOP after intravitreal steroid administration; however, in multiple studies, this decrease was gradual, reaching therapeutic levels after 3 to 6 months. [57] [58] [59] In some refractory cases, filtration surgery was required to adequately control IOP. Given the risk of delayed IOP-lowering effect, some authors believe that SLT should be reserved for those patients who do not require immediate IOP lowering. [60] In Trabectome, the average IOP at the 1-week postoperative examination was 14.6 ± 4.2 mm Hg, which was maintained for 12 months (Fig. 2) .
Trabeculectomy has been a long-standing surgical standard in the treatment of steroid-induced glaucoma. [61] In 1 multicenter Japanese study that examined trabeculectomy in steroid responders, 96% were able to achieve pressures <21 mm Hg at 1 year, with or without ocular hypotensive medications. [61] However, these results come with high complication rates, requiring extensive postoperative care. In the aforementioned study of trabeculectomy on steroid responders, 23.9% had complications with trabeculectomy. Our series of Trabectome, while a smaller study with a multiethnic patient cohort, had a BRVO = branch retinal vein occlusion, CME = cystoid macular edema, COPD = chronic obstructive pulmonary disease, DME = diabetic macular edema, DSEK = Descemet stripping endothelial keratoplasty, IOP = intraocular pressure, J = Gifu Cross Hospital, Gifu, Japan, PK = penetrating keratoplasty, RA = rheumatoid arthritis, SLE = systemic lupus erethematosus, U = University of California, Irvine, CA, USA. Table 3 Postoperative observations. complication rate of 5%. In the trabeculectomy versus tube (TVT) study, [60] trabeculectomy had a complication rate of 37%. Although trabeculectomy may be comparable to Trabectome in terms of its IOP-lowering ability, trabeculectomy is an external filtration surgery that requires a bleb and carries a high risk of early and late complications such as hypotony, shallow chambers, choroidal effusions, blebitis, and endophthalmitis. In contrast, Trabectome is conjunctiva-sparing and has a very low complication rate. This may be of particular importance in certain contexts, for example, in the context of PKP, where performing a trabeculectomy with disruption of the limbal conjunctiva may compromise the success of corneal transplantation, [62] and similarly in the context of trabeculectomy, where performing a PKP may increase the rate of bleb failure. [63] Another standard surgical treatment for steroid-induced IOP elevation is tube shunt implantation. Extensive short and long-term complications exist for this procedure as well, but most importantly, tube shunts greatly increase the risk of corneal graft failure, [64] [65] [66] [67] even when implanted in the ciliary sulcus or pars plana. [68, 69] A dose-dependent effect of corticosteroids on IOP is found to occur more acutely and more often in children than in adults. [16] Moreover, the diagnosis and management of steroid response in children is much more challenging due to limited cooperation in the pediatric age group. [70] With the increased difficulty in management, and also the lifelong burden of tube erosion, corneal decompensation, and endophthalmitis in traditional glaucoma surgery, Trabectome may offer a safer alternative for already challenging cases of uncontrolled SROH in the pediatric population.
Limitations and conclusions
The authors acknowledge limitations to the study. The design of this 2-center interventional case series is retrospective with the limitations inherent to these types of studies. Although the study was conducted at 2 sites with 2 patient populations, this fact further supports that Trabectome is a safe and effective procedure across different ethnic demographics as the procedure does not rely on variations in postoperative conjunctival wound healing. This effectiveness across different ethnic populations is also supported by other studies. [71] Additionally, several different disease states and routes of administration were represented in our sample. Future investigations with larger studies represented on these individual causes for steroid-induced glaucoma would help to better identify particular groups that respond better or worse to this intervention.
Trabectome is a safe and highly effective treatment for steroidresponse glaucoma targeting the main site of pathology in this condition, resulting in the normalization of IOP, while also minimizing the risks often seen in our current standard glaucoma surgeries. This procedure is particularly appealing in settings where continued long-term administration of steroid is to be expected, such as in corneal transplantation, in which our current glaucoma treatments have been shown to increase the risk of graft failure. Trabectome may also be appealing in cases of pediatric steroid response, in which diagnosis and management are particularly challenging, and traditional glaucoma surgeries are prohibitive as they carry a lifelong potential for complications.
